In our previous investigations the formation of liquid bump of locally heated laminar liquid film with co-current gas flow was obtained [1, 2] . The evaporation of liquid was left out of account. Heat transfer to the gas phase was approximately specified by a constant Biot number [2, 3] . The aim of this work is an investigation of the evaporation effect, the hydrodynamics and the heat transfer of liquid film flow in a channel 0.2-1 mm height.
INTRODUCTION
The joint motion of gas and liquid takes place in different apparatuses used in chemical technology and power industry. In a uniformly heated two-phase flow, the critical heat flux is typically occurring at the end of the channel in a high vapor quality region (final stage of the flow boiling). Detailed data on the annular liquid film heat transfer and hydrodynamic is also needed because, annular flow is the most likely flow pattern in micro-channels and in a low-gravity environment.
The recent development of micro-systems is intimately linked with the problem of thermal regulation. The levels of energy generation in high-speed computer chips are now approaching values so high as to exceed the capabilities of today's air-cooling techniques. Accordingly, liquid single-phase micro-channel, two-phase flow and jet-spray evaporative cooling systems appear to be imperative [4, 5] . The local heat flux densities of these systems reach nowadays values of up to 100-200 W/cm 2 . A particularly promising technological solution allowing to reach high heat fluxes and to decrease space and mass required for cooling hardware is a set-up where heat is transferred from microelectronic chips to a very thin liquid film moving under friction of a forced gas or vapor flow in a micro-channel (shear-driven film evaporator) [3, 6] .
Stability of joint flow of liquid film and vapor is a complex problem that has not been fully studied up to now. The shear and normal stresses induced at the interface by the gas flow are responsible for film instabilities that yield nonlinear patterns (or waves), which are of crucial importance in the heat transfer process. Temperature gradients at the gas-liquid interface produce thermocapillary forces. It is well known that the Marangoni effect has an essential influence on heat transfer intensity and may lead to film rapture [7] .
Thermocapillary convection of a liquid film above a heated substrate has been extensively studied during the last decades. However, the influence of the gas phase on the interfacial phenemona remains a challenging issue in modeling. Most of the papers dealing with the interaction between evaporation and thermocapillary effects assume that the liquid is in contact with its own vapor only [8] [9] [10] .
Experimental and theoretical investigations show that the presence of a noncondensable component in a vapor phase strongly stimulates the apparition of surface-tension-driven instability of an evaporating liquid layer [11] . While most of the theoretical works assume that the vapor phase is pure, most of the experiments are conducted in the presence of an inert gas, such as air, in the vapor phase. The aim of the present work is to study theoretically and numerically the heat and mass transfer of two-phase flow in a microchannel under local heating. Subscripts and superscripts g =gas phase 0 =initial parameters of the flow specified at T=T 0 n =normal differentiation
NOMENCLATURE

GEOMETRY AND PHYSICAL PICTURE.
We consider a channel with rectangular cross section, where the height H is much less than its width B (H<<B). A layer of viscous incompressible liquid is moving in the channel under the influence of the gas flow as well as under gravity force for a channel inclined by an angle ϕ with respect to horizontal. A local heat source is situated on the bottom wall (Fig. 1) . The locality of heating means that the heat flux density is a finite function of variable x . A two-dimensional flow is considered. Let us choose the system of Cartesian coordinates ( , ) x y so that Oy axis is orthogonal to the bottom wall of the channel and Ox axis is directed along the gas flow. The coordinate origin is situated at the beginning of the heater. It is supposed that the surface tension depends on temperature (σ 0 , The gas flow velocity is 2-3 orders of magnitude greater than that of the liquid. This fact gives an opportunity to consider evaporated substance as an impurity of small concentration in gas poorly influencing its thermodynamic properties. It is assumed that the total mass flow rate of evaporated liquid much less than total mass flow rate of flowing liquid film and has no effect on film flow. These two last assumptions cause a limitation on intensity of the heating.
MATHEMATICAL MODEL
We will develop a simplified mathematical model to describe the dynamics and heat transfer in the thin liquid film. The steady two-dimensional motion of liquid film and gas in the channel with local heat source is described by NavierStokes (1), (4), continuity (2), (5), energy (3), (6) and convection-diffusion (7) equations:
The boundary conditions are written in the following way:
is the viscous stress tensors, R is the curvature radius of the free surface of the liquid, which is determined as ( )
1 ,
are the unit vectors of the tangent plane and of the outward normal to the surface of the liquid.
Equations (8), (17) are the non-slip conditions at the walls, Eq. (10) is a kinematic condition, Eq. (11) is a velocity continuity condition, Eq. (12) is a mass balance condition and Eq. (13) is dynamic condition. Eqs. (9), (18) are the heat transfer conditions on the walls and Eq. (15) is a temperature continuity condition. Heat -mass balance on the gas-liquid interface is described by Eq. (14). The condition (16) has the following meaning. It is known, that the partial pressure of vapor near to the interface is equal to the equilibrium one which is depend on temperature for given 0 p (Henry's law). On the other hand, the partial pressure is connected with concentration * ( ) C T by the Mendeleev-Clapeyron equation. Therefore * ( ) C T can be considered given. Equation (19) is a no-flux boundary condition on the wall. The initial temperature is given by Eq. (20).
We divide the common problem of two phase non isothermal flow in channel into three subproblems. The first one is finding velocity profiles of liquid and gas phase and constant tangential stress on liquid-gas interface for rigid isothermal laminar film flow and co-current gas flow. This problem has been investigated by Gatapova et al. [1] . The equations (1), (2), (4), (5) and boundary conditions (8) , (11), (17), modified (13) are used. The second subproblem is solving a heat and mass transfer problem for rigid liquid film and gas flow, using velocity profiles found from subproblem one. The equations (3), (6), (7) and boundary conditions (9), (14), (15), (16), (18), (19), (20) are used. And the third problem is finding film deformations using results of first and second subproblems. Moreover, heat transfer in gas is simplified and changed by modified Newton-Richman law (22). It is considered that the film deformations may change the value of the heat transfer coefficient.
The simplified boundary conditions on interface are described by the equations:
PROBLEM OF HEAT TRANSFER
For given height of channel and Reynolds numbers of liquid and gas we find velocity profiles of liquid and gas, film thickness, tangential stress and pressure drop from problem of joint motion of isothermal non-deformable liquid film and gas flow in the channel following calculations in [1] . Equation (13) has a form
Hence velocity profiles in the liquid and gas are
Taking into account integral relation between flow rates and velocities
1 sin 3 2
and velocity continuity condition (11), we find h , u , g u , dp dx and ( )
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Using the findings we solve the problem of heat and mass transfer when equilibrium concentration at the surface of evaporating liquid is linearly depend on surface temperature.
( )
We change the problem of heat-mass transfer over dimensionless variables with the help of the formulas:
The calculated temperature distributions on a film surface are shown in Fig. 2 . A film temperature is reducing more rapidly, when evaporation process is takes place, i.e. energy and diffusion problems solved jointly. The results presented below have been obtained for joint heat and mass transfer problem. The calculated temperature distributions on the film surface of water for different Reynolds numbers of liquid and Re g =80, Re g =200 are presented in Fig. 3,  Fig. 4 respectively. In Fig. 3 There is a practically linear increase of temperature in the heater area. The influence of convective heat transfer mechanism is becoming stronger with increasing Re number. The length of the thermal boundary layer also increases with increasing Re number. The temperature reduction beyond the heater is explained by evaporation and convective heat exchange between surface of the film and gas flow. The reduction of temperature is more noticeable at smaller Re numbers.
The values of the film thickeness and the dimensionless maximal temperature is becoming smaller with increasing of gas Reynolds number. Undoubtedly, for our model a value of specific flow rate of evaporated liquid can be calculated as:
This value depends on different parameters: film Reynolds number, gas Reynolds number, heat flux, channel height. The ratio of specific flow rate of evaporated liquid to liquid specific flow rate in the end of the channel is presented in the Table 1 for different Re numbers of liquid. It is shown in the Fig. 5 that the curve of temperature in the heater region is fracturing when crossing the gas-liquid interface. The curve is illustrated near the point of fracture only. It is explained by different thermal conductivity coefficients of liquid and gas.
The dimensionless concentration on the gas-liquid interface and on the upper wall of a channel is shown in Fig. 6 . The vapor concentration is increasing very rapidly near the gasliquid interface in the heater region. Then it decreases according to a hyperbolic law. The vapor concentration becomes practically uniform across the channel height on the distance 60-70 mm from the heater end. -on the gas-liquid interface, 2 -on the upper wall.
Having the temperature field in the whole of liquid and gas flow region we calculate the heat transfer coefficient on the gas-liquid interface. The boundary condition on gas-liquid interface -Newton's cooling law (22) is used. The Biot number as a function of parameters of the flow and spatial variable has been also calculated using the relation
The Biot number as a function of liquid Re number and spatial variable is illustrated in Fig. 7a . Figure 7b shows the values of the Biot number in the heater region. The calculations show that the Bi number depends significantly on different parameters: film Reynolds number, gas Reynolds number, heat flux, channel height, and also decreases with an increase of a heater length. This result led to the conclusion that the approximation with the constant Biot number may cause a significant uncertainty in the study of nonlinear dynamics of a locally heated thin liquid film with cocurrent gas flow in a microchannel.
Using variable Biot number we will consider a problem of 2-D film deformation in the next step of the present work. The theoretical investigation of influence of evaporation and heat flux on film deformation and heat transfer will be made.
CONCLUSION
The present theoretical and numerical investigation focuses on the study of heat and mass transfer in a locally heated thin liquid film with co-current gas flow in a microchannel. The evaporation effect on heat transfer from a local heat source to a liquid film moving by a gas flow has been studied. The convective terms in the energy equation has been taken into account.
It is shown that the temperature on the film surface reaches the maximum beyond the border of the heater. The position of the maximum of temperature is moving downstream with increasing of liquid Re number.
The dependence of Biot number on parameters of flow regimes and spatial variable has been obtained numerically. Biot number depends significantly on different parameters of the flow and varies with the heater length. A problem of film deformation will be considered in the next investigations using the calculated Biot number.
